Resveratrol is a small polyphenol that has been intensively studied in a wide spectrum of therapeutic fields. More recently, resveratrol has been demonstrated to exert its antitumor activity in numerous tumor models. The present study reported that resveratrol exhibited a marked anti-proliferative effect on human esophageal squamous cell carcinoma (ESCC) cells by inducing cell cycle G 0 /G 1 phase arrest and cell death, which was associated with a decrease in the expression levels of cyclin D1 and an increase in cleaved PARP/cleaved caspase-3 expression levels. The mechanisms underlying the antitumor potency of resveratrol were principally attributed to the downregulation of epidermal growth factor receptor (EGFR) signaling. The western blotting results showed that exposure of ESCC cells to resveratrol inhibited EGF-induced EGFR activation in addition to decreasing the total protein levels of EGFR and membrane/nuclear localization. In summary, the results suggested that resveratrol, or an associated analog, may have a role in the management of human ESCC.
Introduction
Human esophageal squamous cell carcinoma (ESCC) is the 6th leading cause of cancer-associated mortality, and the 8th most common type of cancer worldwide (1) . ESCC is the most common histology of esophageal cancers, and has a high incidence in China, South Africa, France and Italy (2) . Epidemiological and etiological studies have previously demonstrated that certain environmental and genetic factors have crucial roles in esophageal carcinogenesis (3) (4) (5) (6) (7) . Although there have been advances in the fields of surgery and chemotherapy, the prognosis for ESCC is typically poor as the majority of patients diagnosed are elderly and present with advanced-stage disease, rendering them unsuitable for curative resection and maintaining the five-year survival rate for ESCC at <15% (1) . Therefore, improving the current understanding of the molecular mechanisms underlying ESCC pathogenesis and identifying effective therapeutic agents are required to facilitate the development of novel therapies for this disease.
Resveratrol is present in red grapes, wine, nuts and common garden plants, and is one of the most intensively investigated of all the phytochemicals with putative beneficial effects on human health (8) . The effects of resveratrol include anti-oxidant and anti-aging properties, improvement of insulin sensitivity and reduction of cardiovascular disease risk (9) (10) (11) . Previous studies have also indicated that resveratrol is able to function as a chemo preventive and chemotherapeutic agent in certain types of human carcinomas, including those of the colorectum, skin, liver, lung, pancreas, breast and prostate (8, (12) (13) (14) . Previous studies suggesting that a dietary pattern rich in resveratrol may reduce the risk of ESCC (15) . However, the molecular mechanisms underlying resveratrol-induced antitumor effects have yet to be elucidated. A number of potential mechanisms have been suggested to be involved in resveratrol-induced cancer preventative effects, including the inhibition of tumorigenesis-associated transcription factor activation, the suppression of various protein kinases and the regulation of the expression of specific genes involved in cell cycle progression, apoptosis, angiogenesis and metastasis (8, 12, (16) (17) (18) .
The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that mediates intracellular signaling in response to various extracellular stimuli (19) . Previous studies have demonstrated that EGFR is activated and overexpressed in numerous types of human epithelial cancers, including human ESCC (19) (20) (21) (19) . Modulation of the EGFR signaling pathway is considered to have a crucial role in cancer prevention (19) . However, the role of resveratrol in the regulation of EGFR in order to mediate its carcinogenic effects has yet to be demonstrated in ESCC. In the present study, the antitumor efficacy of resveratrol in human ESCC cells and the role of EGFR in the antitumor activity of resveratrol, as well as the mechanisms underlying the inhibition of EGFR activation by resveratrol, are investigated. The results demonstrated that resveratrol exhibited a marked inhibitory effect on EGFR tyrosine kinase activity in vitro, in addition to downregulating EGFR protein levels and the expression levels of the downstream gene cyclin D1, which was also associated with resveratrol-mediated cell cycle arrest and cell death. Subcellular proteome fractionation. The ESCC cells were treated with resveratrol (0, 20, 40 and 80 µM) for 48 h, the cells were harvested by trypsinization and centrifuged (108 x g for 5 min at 4˚C). The subcellular proteome fractions were prepared using a ProteoExtract Subcellular Proteome Extraction kit (EMD Millipore) according to the manufacturer's instructions. The subcellular proteome fractions were subjected to western blot analysis.
Materials and methods

Cell
MTS assay.
To determine the cytotoxicity of resveratrol, the cells were seeded (3x10 3 cells/well) in 96-well plates and cultured at 37˚C in a humidified atmosphere containing 5% CO 2 overnight. The cells were then cultured with fresh medium, treated with various doses of resveratrol or DMSO and cultured for various time periods (0, 24, 48 and 72 h). The cytotoxicity of resveratrol was evaluated using an MTS assay kit (Promega Corporation, Madison, WI, USA) according to the manufacturer's instructions. The absorbance was read at 490 nm.
Soft agar colony assay. In order to examine anchorage-independent growth, KYSE150, Eca109 and KYSE510 cells (8,000 cells/ml) were suspended in 1 ml 0.3% agar with Eagle's basal medium (Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 1% antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin) and various concentrations of resveratrol (0, 20, 40 and 80 µM) and seeded onto 6-well plates containing a 0.6% agar base. The cultures were maintained in a 5% CO 2 incubator at 37˚C for 1-2 weeks, and then the colonies were imaged under a light microscope and counted using the Image-Pro Plus software program version 6 (Media Cybernetics, Inc., Rockville, MD, USA).
Flow cytometry. Flow cytometry was used to quantify the number of cells in each phase of the cell cycle. The cells (2x10 5 ) were seeded into 6-well plates and treated with various concentrations (0, 20, 40, 80 µM) of resveratrol for 24 h. The cells were then harvested by trypsinization and centrifuged (108 x g for 5 min at 4˚C), then washed with phosphate-buffered saline (PBS) twice and fixed in 70% ethanol overnight at 4˚C. Subsequently, the cells were stained in the dark with 50 µg/ml propidium iodide containing 0.1% ribonuclease A (BD Biosciences) in 400 µl PBS at 25˚C for 30 min. Stained cells were assayed and quantified using a FACSort Flow Cytometer (BD Biosciences). For apoptosis analysis, KYSE150 cells were suspended (1x10 6 cells/ml) in staining buffer and 5 µl Annexin V and propidium iodide (PI) staining solution were added to 300 µl cell suspension. Following incubation of the cells for 10-15 min at room temperature in the dark, the stained cells were assayed and quantified using a FACSort Flow Cytometer.
Statistical analysis. All statistical analyses were performed using SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA). The experiments were all performed in triplicate and the data are expressed as the mean ± standard deviation. The significant differences between the groups were assessed using a two-tailed Student's t-test. P<0.05 was considered to indicate a statistically significant result.
Results
Resveratrol inhibits ESCC cell proliferation and
anchorage-independent growth. The antitumor efficacy of resveratrol on ESCC cell lines was investigated using MTS and soft agar assays. At a low concentration (20 µM), resveratrol exhibited little effect on the growth inhibition, but at higher concentrations (40-80 µM), long-term (48-72 h) treatment with resveratrol significantly inhibited cell proliferation ( Fig. 1A; P<0 .05). Furthermore, as presented in Fig. 1B , resveratrol may potently inhibit anchorage-independent cell growth, even at 20 µM as the number of colonies that formed on the soft agar were significantly decreased; at high concentrations (80 µM), almost no colonies were observed to form (P<0.05, P<0.01 and P<0.001). These results indicate that resveratrol has a marked antitumor efficacy in ESCC cells. Short-term exposure to resveratrol downregulates the EGF-induced EGFR signaling pathway. The EGFR signaling pathway is frequently dysregulated in human ESCC cells or tissues and is considered to have an important role in cell proliferation and survival (22) . The results of the present study revealed that treatment with resveratrol markedly inhibits EGFR activation in a dose-dependent manner ( Fig. 2A) . The EGF-induced phosphorylation of EGFR was markedly inhibited in KYSE150 cells by 40 µM resveratrol; the phosphorylation of ERK1/2 and AKT, two downstream kinases of EGFR, were also significantly inhibited. In order to further investigate the effect of resveratrol on EGFR activation, EGF-induced EGFR phosphorylation was evaluated at various time points. Resveratrol suppressed EGFR activation, as well as its downstream kinases ERK1/2 and AKT at all selected time points (Fig. 2B) . These results suggest that resveratrol exerts its antitumor effects via inhibiting EGFR activation and its downstream signaling pathways.
Long-term exposure to resveratrol downregulates EGFR protein expression in KYSE150 cells.
The results of the current study demonstrated that the EGFR signaling pathway is inhibited following transient resveratrol treatment, which indicated that resveratrol may suppress the tyrosine kinase activity of EGFR in a dose-dependent manner. As presented in Fig. 3A , long-term exposure (>48 h) to resveratrol decreased the expression levels of EGFR in dose-dependent manner. Following treatment with 80 µM resveratrol for 48 h, EGFR protein expression levels in KYSE150 cells were significantly downregulated. As previous studies have reported that EGFR is located in the nucleus in addition to the cellular membrane, subcellular separation was performed in order to investigate the effect of resveratrol on Fig. 3B , membrane-associated EGFR expression levels were markedly decreased following treatment with resveratrol treated for 48 h, in KYSE150 (left) and Eca109 (right) cells. Furthermore, the expression levels of EGFR localized to the nucleus were also downregulated following resveratrol exposure for 48 h (Fig. 3C) . These results suggest that, following long-term treatment with resveratrol, the expression levels of EGFR at the cell membrane and in the nucleus were suppressed.
Resveratrol suppresses cyclin D1 expression and induces cell cycle arrest at G 0 /G 1 phase. As an important downstream target of EGFR, cyclin D1 has a crucial role in G 1 /S progression in the cell cycle. It was demonstrated that treatment with resveratrol for 24 h markedly decreased the expression levels of EGFR, as well as cyclin D1 expression levels in KYSE150 cells (Fig. 4A) . Additionally, resveratrol treatment had an effect on the cell cycle, inducing cell cycle arrest at the G 0 /G 1 phase in dose-dependent manner. At a low concentration (20 µM) cell cycle arrest was not observed; however, higher concentrations (40-80 µM) induced G 0 /G 1 phase arrest and the proportion of cells in the G 0 /G 1 phase was significantly increased (P<0.05). As shown in Fig. 4B , 80 µM resveratrol is able to induce the sub-G 1 peak, which indicated that high doses of resveratrol may directly induce cell death. The results suggest that resveratrol inhibits cyclin D1 expression levels and induces cell cycle arrest at the G 0 /G 1 phase.
Resveratrol promotes cell death in KYSE150 cells. In order to further investigate the effect of resveratrol on cell death, the expression levels of apoptosis-associated molecules, including cleaved poly (ADP-ribose) polymerase (PARP) and cleaved caspase-3, were evaluated following treatment with resveratrol. Western blot analysis revealed that the expression levels of cleaved PARP and cleaved caspase-3 were markedly increased in a time-dependent manner following treatment with 80 µM resveratrol (Fig. 5A ). In addition, PI/Annexin V staining and flow cytometric analysis indicated that resveratrol induced KYSE150 cell death in a time-dependent manner (Fig. 5B) , concordant with the results from the western blotting. Notably, it was identified that high-dose resveratrol treatment induced other types of cell death as well as apoptosis; The PI-stained cells were significantly upregulated (P<0.05) following resveratrol treatment. The results suggest that resveratrol treatment induces cell death in human ESCC cells.
Discussion
Numerous studies previously reported that resveratrol exhibited a marked efficacy in various types of tumor tissues, including hepatocellular carcinoma, ovarian cancer and breast cancer (16, 17) . However, its activity and underlying mechanisms in ESCC have yet to be elucidated. In the present study, it was demonstrated that resveratrol dose-dependently inhibits ESCC cell proliferation in vitro and that colony formation is markedly decreased following resveratrol treatment (Fig. 1) . Furthermore, exposure of ESCC cells to resveratrol effectively induced G 0 /G 1 cell cycle arrest. In addition, resveratrol treatment stimulated ESCC cells to undergo apoptosis, as revealed by flow cytometry and western blot analysis. Further investigation revealed that resveratrol exerts its antitumor activity by regulating the EGFR signaling pathway in ESCC.
EGFR has an important role in tumor development, including in cell proliferation, anti-apoptosis, angiogenesis, tumor metastasis and invasion (23, 24) . Dysregulation of the EGFR signaling pathway through overexpression or hyperactivation is associated with tumor development (23, 25, 26) . A meta-analysis demonstrated that the rate of EGFR overexpression in ESCC is high and EGFR expression levels are a potential predictor of the T stage (tumor-node-metastasis classification system) (27) , vascular invasion and overall survival (27) . By contrast, Aichler et al (28) reported that EGFR is an independent adverse prognostic factor in esophageal adenocarcinoma patients treated with cisplatin-based neoadjuvant chemotherapy; therefore, targeting EGFR may be a novel therapeutic approach in the management of ESCC. EGFR is typically expressed at the cellular membrane, and is activated via autophosphorylation on binding with its ligands, epidermal growth factor (EGF) or transforming growth factor-α. EGFR phosphorylation activates numerous downstream signaling pathways, including the rat sarcoma/rapidly accelerated fibrosarcoma/mitogen activated protein kinase and phosphoinositide-3-kinase/AKT signaling pathways, which regulate various cellular functions (29, 30) . In the present study, the results demonstrated that short-term exposure to resveratrol significantly inhibits EGF-induced EGFR phosphorylation. Following the inhibition of EGFR activation, the downstream signaling pathways and phosphorylation of EGFR, ERK and AKT were suppressed. Similarly to a number of natural compounds, including epigallocatechin gallate (31) and quercetin (32) , resveratrol has also been demonstrated to inhibit various kinases (33) . The current study only investigated the effect of resveratrol on the EGFR signaling pathway in human ESCC cells, which is one limitation as resveratrol may also target other kinases in ESCC cells. It was also identified that long-term (48 h) exposure to resveratrol in ESCC cells induces EGFR degradation. Previous studies have demonstrated that the phosphorylation of EGFR at Tyr1045 creates a docking site for casitas B-lineage lymphoma, an adaptor protein that leads to receptor ubiquitination and degradation following EGFR activation (33, 34) . It is possible that resveratrol may induce EGFR degradation via the ubiquitination or lysosome signaling pathways in human ESCC cells. Further investigation revealed that the expression levels of EGFR at the cell membrane were reduced and EGFR located in the nucleus was also significantly decreased following resveratrol treatment. It was hypothesized that reduction of EGFR expression levels at the cell membrane may reduce the sensitivity of the cell to growth factors, and cell proliferation may be markedly decreased following stimulation with growth factors.
Previous studies have demonstrated that the nuclear import of EGFR and the signal cascade induced by nuclear EGFR had pivotal roles in the malignant proliferation and survival of certain types of tumor tissues (35) (36) (37) . Immunohistochemical analysis of breast tumor tissues revealed that EGFR expression levels in the nucleus are positively correlated with the expression of Ki-67, a biomarker of cell proliferation, and negatively correlated with the survival rate (38, 39) . In oral squamous cell carcinoma (OSCC), elevated nuclear import of EGFR may predict a poor outcome for OSCC patients (40) . It has also been identified that nuclear EGFR is involved in acquired chemotherapy resistance (41) . In pancreatic cancer, nucleus EGFR combines with sarcoma and signal transducer and activator of transcription 5 to form a complex that regulates the transcription of the c-myc gene and to mediates the sensitivity of tumor cells to chemotherapy (42) . Previous studies also identified that EGFR nuclear import upregulated the activity of DNA-dependent protein kinases (DNA-PK) and promoted the repair of DNA damage (43) . The EGFR monoclonal antibody Cetuximab may block EGFR nuclear import, downregulate the activity of DNA-PK, inhibit DNA repair and induce tumor cell apoptosis (43) (44) (45) (46) . The present study demonstrated that long-term treatment with resveratrol markedly decreases the expression levels of EGFR in the nucleus, suggesting that resveratrol may assist the prevention of chemotherapy resistance when combined with cytotoxic drugs.
In conclusion, the results demonstrated that resveratrol is effective in inhibiting the proliferation of ESCC cells, suggesting that a dietary pattern rich in resveratrol may reduce the risk of ESCC, as initially hypothesized by Lin et al (15) . The results also revealed that resveratrol influences EGFR activity in ESCC cells, short-term exposure of ESCC cells to resveratrol had an inhibitory effect on EGFR phosphorylation and its signaling pathway, but long-term treatment induced EGFR degradation and had an effect on the activity of EGFR in the nucleus and at the cell membrane. The results suggested that resveratrol, or analog, may have a role in the prevention and management of ESCC.
